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SUMMARY

The NASA-Lewis Research Center is presently engaged in an

investigation of the turbomachinery components of Brayton-cycle

space power systems using solar or nuclear energy as the heat

source and an inert gas as the working fluid. Under Contract

NAS3-2778, three pieces of hardware are to be designed and
developed. The hardware will be used by the NASA for the
Brayton-cycle investigation and includes the following:

point

Compressor and Turbine Research Packages - The two re-

search packages each include a cold gas model of a high-
performance radial wheel and a suitable set of running
gear with oil-lubricated bearings. Both research packages
are to be used to evaluate component aerodynamic perfor-

mance.

Gas Generator - This unit combines the turbine and com-

pressor of the two research packages into a single hot
unit with the running gear, inciuding gas-lubricated
bearings. The gas generator will be used to evaluate the
Brayton-cycle turbomachinery in a complete system ground
test loop.

This report describes the selection of the system design
and the design, fabrication, inspection, and testing of

the compressor research package. The compressor design points

for the research package is:

Working fluid Argon
O
Mass flow rate, m - lbs per sec. 0.621

APS-5109-R
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Compressor inlet temperature, T1 - °R 520
Compressor inlet pressure, P1 - psia 6.0
Compressor pressure ratio, r, 2.30

Design operating corrected speed, NA/§—rpm 37,900

g = i
- B18.7

The research package consists of a 6-inch-diameter compressor
wheel and shaft mounted on ball bearings and the associated
mounting hardware.

Development testing of the compressor consisted of
running the uncut development impeller with three diffusers--
a nominal diffuser, a negative 3-degree diffuser, and a posi-
tive 3-degree diffuser. After mapping with the three diffusers,
the impeller was cut back and run with the nominal and the
positive 3-degree diffusers. After the final impeller con-
figuration was determined, acceptance testing of the shipping
units was accomplished. The first shipping unit was run for
three speed lines and the second shipping unit was operated at
design speed for 1.2 hours.

At the conclusion of the compressor research package devel-
opment two conclusions are evident:

(a) A high-efficiency radial compressor can be designed
to operate on inert gas.

(b) At the design point, the efficiency can be accurately
predicted (predicted n = 0.798, test n = 0.80).
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DESIGN AND DEVELOPMENT OF A HIGH-PERFORMANCE
BRAYTON-CYCLE COMPRESSOR RESEARCH PACKAGE

1.0 INTRODUCTION

This report describes the design, fabrication, inspection,
and testing of a Brayton-cycle compressor research package that
will be used to evaluate the aerodynamic performance of Brayton-
cycle compressors. The compressor was designed for high-efficiency,
low-Reynolds-number operation with an inert gas used as the working
fluid. With the recent development of Brayton-cycle space-power
systems, high-efficiency, low-Reynolds-number type turbomachinery
has only recently been required and, therefore, no prior work on
turbomachinery of this type has been accomplished.

The compressor research package consists of a 6-inch-diameter
radial compressor wheel and shaft mounted on ball bearings with
the associated mounting hardware. Notable features of the com-
pressor research package include the advanced aerodynamic design
procedures and the utilization of extremely thin blade sections.
The same design goals have been used in a 6-inch-diameter tur-
bine research package developed for NASA under the same contract
and a 3.2-inch-diameter compressor developed for the Air Force
[Contract AF33(657)-11721].

With the development of the compressor research package,
the feasibility to design high-efficiency radial compressors
for operation on inert gas has been proven. Test results on the
compressor research package when tested on argon indicated effi-
ciencies in excess of 0.81 total-to- total..

APS-5109-R
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2.0 SELECTION OF DESIGN CONDITIONS

Figure 1 shows a schematic of the NASA Brayton-cycle space
power system. Contract NAS 3-2778 calls for the development of
the gas generator package. a turbine research test package, and
a compressor research test package, with the same turbomachinery
used in the test packages as in the gas generator. As specified
by the contract, the gas generator and research test packages
have identical design conditions when corrected mass-flow rates
are compared, Table 1 presents a summary of the design condi-
tions as specified by the contract. 1In addition to the conditions
listed in Table 1, the most important remaining system variables
include:

(a) Recuperator effectiveness, Ex

(b) Pressure loss parameter, rt/rC

(c) Shaft speed, N

(d) Compressor specific speed, Ng
c

As the recuperator effectiveness is increased, the cycle
thermal efficiency and mass-flow rate increase and the optimum
compressor pressure is reduced. The low compressor pressure
ratio, in turn. leads to higher compressor efficiency. Moreover,
at low power levels, the increased mass-flow rate is beneficial
to the turbomachinery as a result of the higher attendant Reynolds
number in the turbine and compressor. Since increased recupera-
tor effectiveness lowers both the radiator inlet temperature and

APS-5109-R
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TABLE 1

DESIGN PARAMETERS FIXED BY

CONTRACT NAS 3-2778

Turbine Compressor Gas
Package - Package Generator
Working fluid Argon Argon Argon
(o]
Mass flow rate, m -lbs

per sec. 1.18% 0.621 0.611
Turbine inlet temperature,

Ta, °R 520 - 1950
Turbine inlet pressure,

Pa, pSia 13.2 = 13.2
Turbine pressure ratio, Ty, 1.56 - 1.56
Compressor inlet temperature,

Ti, °R - 520 536
Compressor inlet pressure,

P1, psia - 6.0 6.0
Compressor pressure ratio, r, - 2.30 2.30
Corrected mass flow rate:

W./8/8 turbine,

1bs per sec. 1.3185 - 1.3185

W./8/8 compressor,

1bs per sec. - 1.5214% 1.5217
APS-5108-R
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the heat load, the radiator area is not strongly affected.
Referring to Figure 2, the optimum recuperator effectiveness is
established by a weight tradeoff between the recuperator and
other components. Although a recuperator effectiveness of 0.9
appears to be optimum, a value of 0.85 has been chosen in view
of the mass flow rate and compressor pressure ratio being
specified.

The effect of the cycle pressure-loss parameter on system
performance is shown in Figure 3. Although a value of 0.95
would be near optimum for the pressure-loss parameter, the value
chosen was 0.90. This value allows increased flexibility, since
the heat exchangers and manifolds would have to be designed for
extremely low pressure drops if a pressure-loss parameter of
0.95 were utilized.

With the design point conditions listed in Table 1, a recu-
perator effictiveness of 0.85, and a pressure-loss parameter of
0.90, a design-point study was conducted to establish the gas
generator thermodynamic and aerodynamic operating conditions.
Figures 4 and 5 illustrate the variation of wheel diameters,
component and cycle efficiencies, component specific speeds, and
turbine pressure ratio over the range of shaft speeds with the
turbine and compressor matched. (A list of the symbols used
throughout this report can be found on page 10,) Wheel diameters
of 6 inches occur for both the turbine and the compressor at a
shaft rotational speed of 38,500 rpm with reasonable adiabatic
efficiencies for the units, With this size wheels, manufacturing
tolerances can be readily maintained to provide aerodynamic
passages with surfaces that are hydraulically smooth.

APS-5108-R
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LIST OF SYMBOLS

conversion factor = 32.2 ft 1b per 1lb sec.®

molal gas flow rate, 1lbs mol per sec.

compressor pressure ratio

gas-generator turbine pressure ratio

power -turbine pressure ratio

compressor -wheel diameter, inches

gas-generator turbine-wheel diameter, inches
recuperator effectiveness

molecular weight, lbs per 1lb mol

gas-generator shaft speed, rpm

power -turbine shaft speed, rpm

compressor shaft speed

gas-generator turbine specific speed

power -turbine specific speed

compressor inlet pressure, lbs per sq ft
gas-generator turbine inlet pressure, lbs per sq ft
universal gas constant = 1545 ft-lbs per 1lb-mol °R
compressure inlet temperature, °R

gas-generator turbine-inlet temperature, °R

turbine pressure ratio Te, X Ty

compressor pressure ratio r

C

APS-5108-R
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LIST OF SYMBOLS (Contd.)

ratio of gas specific heats = 1.667 for monatomic gases

(v - 1)/y = 0.4 for monatomic gases

_ power-turbine shaft power output

gas-cycle input rate
compressor adiabatic efficiency
gas-generator turbine adiabatic efficiency

power-turbine adiabatic efficiency

APS-5108 -R
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A low compressor specific speed results at the shaft speed
of 38,500 rpm, and the cycle efficiency is not seriously reduced
from that which would be obtained at higher shaft speeds and
smaller wheel diameters., The variation of system weight and
radiator area versus compressor specific speed is shown in Figure
6. A compressor sﬁécific speed of 0.09 is near optimum based on
the consideration of system weight; based on the consideration of
both system weight and radiator area, the optimum specific speed
is approximately 0.096, From the expression for compressor
specific speed

BECANE LIV A

N
Ns_ = %0 (RT: Pr etz 1)

it can be seen that the compressor specific speed is a function
only of shaft speed, since the remaining variables are fixed by
the contract. Therefore, the shaft speed selected is nearly op-
timum for the specified conditions. A lower shaft speed would
result in a more desirable compressor specific speed, but the
wheel sizes would be unnecessarily large and the slow speed could
result in bearing problems.

Additional computer runs were made with variable cycle pres-
sure level, mass flow rate, and compressor pressure ratio (variable
compressor specific speed) over a gas-generator speed range of
35,000 to 65,000 rpm with a free-turbine shaft speed of 24,000
rpm. These calculations were made to supply added insight into
the design-point examination and are summarized in Figures 7
through 11.

APS-5108-R
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A comparison was made between NASA design-point conditions
at 38,500 rpm (6.0-inch wheels) and 45,000 rpm (5.l-inch wheels)
and the "optimized" design-point conditions at 38,500 rpm (6.0-
inch wheels), 45,000 rpm (5.25-inch wheels), and 55,800 rpm
(4.3-inch wheels). Selected values of cycle parameters at these
conditions appear in Table 2. 1In addition, the optimized condi-

tions include both a high-cycle pressure cycle (NS = 0.08) and
c
a case with compressor specific speed comparable to the NASA

design conditions.

The above design-point condition studies revealed no major
advantage to be gained through a change in design-point condi-
tions from those proposed by NASA. Some advantage in system
weight and radiator area would be realized with increased shaft
speed and pressure level; however, decreased wheel diameters would
result. Therefore, it was recommended that the mass flow rate,
compressor pressure ratio, compressor inlet pressure, and working
fluid, as recommended by NASA, be established as design values
with the gas generator shaft speed of 38,500 rpm.

APS-5108-R
Page 19




R
8GL'0 | 109°0 | go60 | 61L'0 | 2%0°T | 9zg°0 01 0T || 37qeauing’
6HE'T | TEE'T | ew€'1 | o2€'T | 2£€°T | OIE'T 82€°1 | 92€'1 32
165°T | 109°T | 88S°T | #09'1 | @65°T | 9091 n9S'T | 1961 e
gE 2 %€ 2 o€z e gz €2 0E-2 0g°2 %1
n'€e 9°g€ 0* L1 Loz IREA 2-0e 2'€1 g €1 °q
7°0T | 9791 €Ll o n°S 88 09 0°9 td
€l8°0 898°0 9l8°0 Glg8°0 G9g8°0 Llg°0 7198°0 £98°0 23,
-- -- -- -- -- -- £68°0 #58°0
$88°0 | L88°0 | Lgg'0 | €88'0 | €88°0 | 0880 1.8°0 | 8.8°0 "
olL'0 | 25L0 | €9.'0 | syl-o | gslo | 6€L70 6L.°0 | 0LL"0 U
2L | SUL | GeL | G0t | gUL | 169 ) 'L 2s %
- -- -- T4t €41 a Bo
Ge le g1°S %2°S 0°9 0°9 1°G 0°9 “3q m._,w_
g2 1 1€ 4 'S 92°G 0°9 0°9 1°6 09 °a mwo
28°0T | #E'OT | ©00°TIT | 0401 | §8°01 | GH'OT 05°21 | Of°2I 0
-- -- -- -- -- -- c€-el | G2rel it
106°0 | #0%°0 | L16°0 | L16°0 | o0£%'0 | 1€5°0 119°0 | 119°0 o
:mm“o ﬁwm“o Hmm.o Lle*o €ge 0 2leo lge-o £82°0 Lo,
- -- -- -- %82°0 | 1820
01°0 800 01°0 g0'0 | -o1°0 g0°0 €21°0 | 901°0 "sx
000°GS | 000°GS | 000°GH | 000°GH | 00G°gE | 00G ..mm 000°GH | DOGgE ™N
uotjeziwildo YoaessayIy VSVN

SYALINVIVd NOISHAQ FATDAD-NOLAVYL
¢ H14dVL

VNOZRSV ‘ XINIDHe

NOIAYHOWNDD 4L 3ML 4O v

ANVAWO3 GNINNLIVANNVYN HJONVISI NIV




AIRESEARCH MANUFACTURING COMPANY
A DIVISION OF THE BGARRETT CORPORATION
F M PHOENIX, ARIZONA

Table 3 presents the final design conditions used for the
turbine. These conditions are for cold testing with argon.

Design conditions for hot testing are given in Section 3.2.

TABLE 3

DESIGN CONDITIONS
NASA TURBINE RESEARCH PACKAGE

Working fluid Argon
Flow rate, 1lbs per sec. 1.184
Inlet temperature, °R 520
Inlet pressure, psia 13.2
Total pressure ratio 1.56
Operating speed, rpm 13,800
Operating life, hr. 100
Speed capability, percent design 120
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3.0 TURBINE DESIGN

3.1 Aerodynamic Design Approach

The following discusses the procedure used to design the
turbine wheel, nozzle, and scroll.

The rotor diameter was fixed so that there were no inci-
dence losses at the rotor inlet and so that the required power-
output was accomplished without exit swirl. The other main
turbine dimensions (exducer hub/tip ratio, exducer tip diameter,
nozzle area, and tip width) were calculated from a correlation
of turbine efficiency versus a parameter involving the various
important geometrical ratios. This correlation is based on many
AiResearch and other radial turbine data. With these dimensions
fixed, a meridional shape was estimated. Using the electric
analog field plot method, with approximate corrections for com-
pressibility, blade blockage, and boundary-layer clogging, the
meridional velocities along several streamlines were calculated.
The meridional shape was adjusted and the calculation repeated
until a satisfactory distribution was obtained along the shroud
and hub streamlines. Particular care was taken to ensure that
the shroud meridional velocity did not have too high a peak
and that the hub velocity did not become so low as to cause
negative velocities when blade loadings were calculated.

Next, the blade loading diagram was estimated by using a
blade-to-blade calculation method. Utilized in these calcu-
lations were an assumed number of blades, an assumed blade-
angle variation and a calculated slip factor at the blade tip.
Since the blade elements were radial, the blade angles along
the mean and hub streamlines were calculated from the value
of the blade angles at the shroud and, consequently, aero-
dynamic loading was calculated.

APS-5108-R
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Several combinations of blade-angle distribution and
numbers of vanes were checked until the following conditions
were avoided:

(a) Excessive deceleration of relative velocity
at the shroud.

(b) Very low or negative relative velocities
at the shroud.

(¢) Excessive decelerations on the suction

surface of any streamline.

Due to loading considerations, the desired minimum number
of radial blades on the turbine wheel is 17. However, 17 exducer
blades result in performance impairment by extra friction losses,
and the blade spacing at the exducer hub becomes so small that a
fabrication problem results. The most desirable number of exducer
blades is 13. If 13 exducer blades and 26 radial blades are used,
the friction losses would be large. If 12 exducer and 2% radial
blades are used, vibration problems may result. Therefore, the
turbine design utilizes 11 exducer blades and 22 radial blades.
However, this results in heavily loaded exducer blades.

It is possible to reduce blade loading by increasing the
length of the exducer, but the friction losses would increase.
Therefore, it is desirable to load the exducer blades heavily
so that the friction losses are minimized, provided that the
loading does not cause extra diffusion losses or flow separa-
tion. If the exducer blades are loaded near the trailing edge,

a relatively high deviation of the flow from the blade angle
may occur. This deviation is not due to flow separation and
is not a cause of pressure losses. A certain length of constant-
angle blade section may be added at the trailing edge of the

APS-5108-R
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exducer for the purpose of reducing the deviation angle. How-
ever, the concomitant friction losses would not justify the
convenience of predicting the deviation angle.

The loadings on the radial leading edge portion of the
blade were recalculated, based on potential flow analysis with
a high-speed digital computer. The results compared favorably
with the previously calculated loadings.

The losses in the nozzle and rotor were estimated by use
of boundary-layer techniques. The losses considered were:
vane and wall friction losses, mixing losses due to boundary-
layer and blade wakes, wheel windage losses, clearance losses,
incidence loss, and diffusion losses. The pressure ratio was
so low that there was no shock loss in the turbine.

The nozzle shape and number of vanes were optimized to
yield the lowest overall losses due to friction and mixing
losses. The nozzle shape was examined by using the field
plotting method to arrive at a shape that yielded a good
velocity distribution and reasonable loading.

The scroll areas were calculated by using the well-known
scroll equations based on consideration of angular momentum and
continuity. Boundary-layer thickness was calculated throughout
the scroll, and the areas were adjusted to compensate for block-
age. One nozzle vane was elongated and adjusted to become the
tongue of the scroll and thus allow control of the flow through
the full 360 degrees.

APS-5108-R
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The following is the design procedure for the turbine
exducer:

(a) Assume a mean flow direction along the shroud.

(b) The blade loading is calculated with the flow angle
and meridional velocity by using the equation as
derived below:

— P
ADPA (rCu) wcosp' =3 (w?® - w.®) Am

5 p
where
?E = tanp' Cm _ cosp'
Cm- ’W
u-w =2C
u u

pm: meridional length along the shroud

g': direction of mean flow measured from the
meridional plane

AD = 2T _ tangential thickness of blade
~ No. of Blades radius
\4 \J .
Assuming __s_%_p_ =W
A(rCu) '
Wg T Wp = Ad Am cosp
w - W
w o=w4 S —-—FP
s 2
I A
wp =w - ———5——2
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Notice that the velocity along the blade or blade
loading depends only upon the mean flow direction,
and it is independent of the deviation angle and
real blade angle.

If the velocity distribution in Step (b) is not
satisfactory, assume a different mean flow direc-
tion along the shroud and repeat Step (b). 1If the
velocity distribution is satisfactory, the real
blade geometry is designed as described in Steps
(d) through (k).

As a first approximation, draw a pair of imaginary
blades that are identical with the flow direction.

Measure the throat width o and blade spacing s.
The real flow angle* made by these blades is
B' = cos " (o/s) + 4(s/e)

where ¢ is the mean radius of curvature of the
suction surface of the blade section between the
blade throat and the blade trailing edge and g'
is given by degree.

In order to make the real flow angle identical
with the desired flow angle specified in Step (a),
the blade angle is increased without increasing
the axial length of the exducer.

*Ainley, D. G., and G. C. R. Mathieson, An Examination of the Flow
and Pressure Losses in Blade Rows of Axial-Flow Turbines, ARC,

R and M 2891, 1955.
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Repeat Steps (e) and (f) until the exit flow angle
agrees with the desired angle.

Since the blade element is radial, the variation
of the blade angle along the 50-percent streamline
and the hub is fixed, and the exit flow direction
is calculated with Step (e).

If the flow direction does not agree with the
desired flow angle at the 50-percent and hub
streamlines, the axial length of the exducer
blades may be increased to meet the requirement.
If it is necessary to cut back the axial length

at the hub and 50 percent streamlines, such
geometry is not practical from the stress view-
point. In such cases the shroud section may be
cut back somewhat so that the flow is under-turned
while the hub section is extended so that the flow
is over-turned, and as a whole the correct amount
of work is accomplished. A certain amount of exit
swirl does not significantly hurt turbine efficiency.

Distribution of the meridional velocity is in-
fluenced by the distribution of blade loading.
However, instead of applying the correction of
velocity distribution and iterating blade geometry,
the blade designed in Step (i) is extended 0.2 inch
axially. With a proper cutback of this extended por-
tion of blade, it is possible to adjust the overall
work output to fit to the desired value when the
meridional velocity distribution is different from
the originally assumed distribution.
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(k) A one-dimensional calculation of velocity distri-
bution along blades is not always very accurate.
An example of the discrepancy from two-dimensional
analysis for turbine rotor inlet showed the dis-
crepancy to be relatively small and, therefore, the
one-dimensional calculation was deemed to be adequate.

3.2 Aerodynamic Design

The following is a list of pertinent information, result-
ing from the aerodynamic analysis of the turbine research package,
which defines the turbine and nozzle geometry. These design condi-
tions are for hot operation of the turbine research package and
are also applicable for the gas generator turbine configuration,

A, Efficiencies

Total-to-total efficiency = 88.0%
Total-to-static efficiency = 82.4%
B. Pressure Ratios
Total-to-total pressure ratio = 1,560
Total-to-static pressure ratio = 1,613
C. Speed = 38,500 rpm
D. Specific work = 49.15 hp per lb per sec.
E. Weight flow = 0.6l11 1lb per sec.
F. Specific speed = 0,118
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Loss Distribution

1. Rotor Losses (All losses in 4 of isentropic work)

(a)
(b)
(c)

(d)

Main blade friction

Splitter vane friction

Main blade mixing

(1) Blade thickness
(2) Boundary layer

Splitter vane mixing

(1) Blade thickness
(2) Boundary layer

Shroud friction
Windage

Clearance loss
Hub diffusion loss
Shock loss

Estimated rotor losses

Contingency

Total rotor losses

APS-5108-R
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2. Stator Losses
(a) Scroll 0.90
(b) Nozzle friction 2.49
(¢c) Nozzle mixing 0.31
(1) Blade thickness -
(2) Boundary layer -
(d) Vaneless space 0.52

Total stator losses

Overall estimated losses

4. .22

12.00

total-to-total efficiency 100 - 12.0 = 88.0%

Stator inlet total pressure
Stator inlet static pressure

Stator exit static pressure

Rotor mean inlet static pressure

Estimated

Total and Static Pressures

Outside Stator exit total pressure
Blade

Outside Rotor inlet total pressure
Blade

Outside  Rotor exit total pressure
Blade

Rotor exit static pressure

APS-5108-R
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Total Temperatures

Inlet total temperature

1952°R

i

Outlet total temperature 1671°R

Gas Velocity Distribution

See Figure 12 for shroud velocity distribution.

See Figure 13 for 50 percent streamline velocity
distribution.

See Figure 14 for hub velocity distribution.

Stator and Rotor Aerodynamic Physical Dimensions

See Drawing 369724 for stator physical dimension.

See Drawing 369726 for rotor physical dimensions.

Velocity Diagrams

See Figure 15 for stator velocity diagrams.
See Figure 16 for rotor velocity diagrams.

Figure 17 shows the station numbers corresponding to
the velocity diagrams. Also shown is the temperature
drop based on the velocity triangles, as compared to
the total temperature drop based on the total tem-

peratures shown in paragraph I above.

APS-5108-R
Page 31



1-9890€Y
¢l NANOHIA

ANIINL FIVADVd HOIVASTY
4od ONIQVOT ANO¥HS

SHHONI - W ‘ ANITWVIMLS 9NOTIV AONVISIA

o°e 8°1 9°1 ®°T 1 0°T g8°0 9°0 0 2’0 0

\m\w\.ﬂaﬂé w\.\\m B

00c

=
]
&
l
(]
<
e
ooy o
S %
a3 @©
Va . H Sa
& 009 - Tq}
== ¥
= Lo
q\\\\\m ¥ <~
|
q k\\\.mu<mm:m NOIIDNS / s
N ~
. 5 NOT LYWHOASNVEL V —oo0oT @
% — ma«om<u 10 SITNSEY I
_ _ 0021

VNOZINY * XINIDH ‘
NQIAVNDOENO0D LLIWNYE IHL 4O NOISIAIG V

ANVAWOOD ONIRNLIVANNVKW HONV3ISAUIV

i




T-8890¢EV
€1 FYNOIA

INTINL IDVADVd HOYVISHY ¥0d
ONIAQVOT ANITWVAYLS INAO¥Ad 0G

SAHONI - W ‘INTTRVAYLS ONOTV FAONVISIA

g2 w2 o2 9°1 2'1 8°0 #°0 0
} T T T
ADVIINS TINSSTA N/ 0 =
N
ol AR
\m 1 oo oo S
W\ st \mw.\llm m
\yx p T 3
AN 74 1)~ Oom D Ru
‘. AN \ 5 B o
37 D \v =
9 N\ _ SNOLLVINOISNVIL ] 008 . n”
FOVI¥AS NOIIONS— FAVISVD 40 SIINSHY = 5 &
000T < ™
vy
00021 .
o
R
0004T ¢,
=
(@]
00091 *

VNOZIMY  XINDIOH
NOUVEOLdNDD LIANNVE BML JO NOISIAIO Vv i
ANVAdWOO SNINNLIOVANNYW HONVISIVNIV




.

1-.890¢V
#1 FUNOIA
ANIGINT AOVIOVA HOUVASTI
¥0d ONIAVOT1 9nH
SHHONI - W ‘ANITWAVIYLS 9NOTIV HAONVISIA
0% 9'¢ 2'€ 82 K2 0°2 91 21 8°0 £°0 0 0 =
T T T (.
JOV.0INS FINSSTAd =i \VAVAY >
i e D B e N -
—— Eas oy Pz N Py N OON <
\ﬂ\l b S V7 D R
e 1 / A * W/ N J 00t M_ AAHU.U.H.
mw \[_ movans NOILOASH jﬂw&r&lﬂ\m,\ 5 2%
(@]
. 009 5w
SNOILVWIO ASNVLI J < B
qAVISYD 40 SITNSTI N
008 =
1
tr]
0001 &
o
oozt &
wn
oo4T &

VNOZIMY * XINIOHd
NOILVVOSN0D LL3NNEVEO EHL JO NOISIAIG V

ANVANOOD SNIRNNLIVANNVH HONVIASIVIV

el




A DIVISION OF YHE GARRETT CORPORATION

@ AIRESEARCH MANUFACTURING COMPANY
| P

FHOENIX. ARIZONA

w

>

< o

\,f’ ©

2 &

o>, i
[}
C,, = 290 FPS g

STATOR INLET

STATOR EXIT (INSIDE BLADE, BASED ON COKRE VELOCITY)

267.5 FPS

| [\]
Cy, = 870.5 FPS _E

&
STATOR EXIT (OUTSIDE BLADE)

PREPARED

AM

10-63

WRITYEN

STATOR VELOCITY DIAGRAMS FOR
TURBINE RESEARCH PACKAGE
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AiResearch Manufacturing Compang of Arizona
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FIGURE 15
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4
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Cuq =883 FPS
Us=T010 FPS  gv, =12
Jg = 580
C/=—6 WU4 = 554

Ug

50 PERCENT STREAMLINE
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—1
2 o
N 3
REFER TO FICURE 16.
Us = 1010 FPS C,, = 883 FPS
AT = 223223 WHERE U = WHEEL TANGENTIAL VELOCITY

p Cy = TANGENTIAL COMPONENT OF GAS
ABSOLUTE VELOCITY

GRAVATIONAL ACCELERATION,
32.2 FPS

J = 778.26 FT-LBS PER BTU

C. = GAS SPECIFIC HEAT = 0.1243

oo
1l

P _0
\ 1010-883 BTU PER LB-°F
T 32.2-778.26:0.1243
= 286.3°F
FROM PARAGRAPH G.1l, PAGE 29 WINDAGE LOSS = 2.04%
AT DUE TO WINDAGE = (286.3)(0.0204%) = 5.84°F

TEMPERATURE DROP DUE TO USEFUL WORK EXTRACTION = 286.3 - 5.8 = 280.5°F
TEMPERATURE DROP BASED ON TOTAL TEMPERATURE

DIFFERENCE = 1950 - 1671 = 279° (SEE PARAGRAPH I, PAGE 31)
'FIGURE 17
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3.3 Mechanical Design Analysis

3.3.1 Dynamic Analysis

The dynamic analysis of the turbine research package was
accomplished on a digital computer by use of a program written
for turbomachinery critical speed and bearing load analyses. A
4.0-inch bearing spacing and 25-millimeter bearings were chosen
for the research package. The rear bearing was rigidly mounted
to limit the rotor radial motion within the required shroud
clearance. This gave an effective spring rate of 450,000 pounds
per inch for the rear mount. The critical speeds for the tur-
bine were analyzed by using front bearing spring rates from
5,000 to 30,000 pounds per inch (see Figure 18). Using a front
bearing spring rate of 15,000 pounds per inch, bearing loads for
a 0.0005-inch c.g. eccentricity were determined. Figure 19 shows
the results of the bearing load analysis.

3.3.2 Turbine Wheel Temperature and Stress Analysis

Figure 20 shows the turbine-wheel configuration used in
the turbine research package. In calculating the turbine-wheel
temperature distribution for the gas generator configuration, it
was assumed (1) that no heat would be transferred to the shaft
and (2) that the shaft would conduct heat to the compressor.
Turbine inlet temperature was assumed at 1950°R with the operating
speed of 38,500 rpm. Gas temperatures relative to the wheel and
heat-transfer coefficients were calculated on the Bendix G-20
computer. Figure 21 is the result of the calculation. The tur-
bine blade and disc temperature distributions for Conditions (1)
and (2) are shown on Figures 22 and 23.
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NASA BRAYTON-CYCLE
TURBINE WHEEL CONFIGURATION

FIGURE 20Q
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NOTE:
(1) TURBINE INLET TEMPERATURE 1950°R
(2) TURBINE WHEEL SPEED 38,500 RPM

r 30
[__1820
//~ 1800
A///// e -
L 1760 /
1740 - 2.0
1720
L 1.5
1700
L 1.0
™ 05
- 0
GAS TEMPERATURES RELATIVE TO THE
rreranee | g1 g:zég NASA BRAYTON-CYCLE TURBINE WHEEL, °R All781

WRITTEN

areroven [ £ w0 19-¢¢ | fiResearch Manufacturing Compang of Arizona

FORM P703A-1

FIGURE 21
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NOTES:

(1) TEMPERATURES ARE DEGREES RANKINE
(2) SPEED IS 38,500 RPM

RADIUS - INCHES
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NOTES:
(1) TEMPERATURES ARE DEGREES RANKINE
(2) SPEED IS 38,500 RPM

(3) TEMPERATURE OF HEAT SINK AT COMPRESSOR IS 650°R
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The temperature distributions discussed above were used
in calculating the combined thermal and centrifugal stresses for
the turbine wheel operating at 38,500 rpm. Radial and tangen-
tial stresses are shown in Figures 24 and 25.

Yielding of the blades and in the disc will begin at
minimum speeds of 67,000 and 66,000 rpm, respectively, based on Von
Mise's yield criterion. Originally, the turbine wheels were to
be made of Waspaloy. The material was changed to Inconel 713C
so that the wheel cauld be cast instead of machined from a forging.
As can be seen in Figure 26, the stress level in the wheel is well
below the 10,000-hour stress-rupture curve for Inconel 713C.

3.3.3 Growth and Burst Tests

The results of the Stresscoat test on the turbine wheel are
shown in Figures 27 and 28 These values compare favorably with
those calculated in Section 3.3.2. The maximum indicated stress
at 38,500 rpm was 34,900 psi compared to a calculated value of
slightly over 30,000 psi. This apparent discrepancy may be
explained since the Stresscoat results are room-temperature
values while the calculated stresses are for operating tempera-
tures. The operating temperatures change the stress distribution
due to thermal gradients in the wheel. After the Stresscoat
tests, the wheel was etched to determine the grain structure in
the cast wheel as shown in Figure 29.

A growth-and-burst test was also conducted on the wheel.
Residual growth was measured on the outside diameter at two points
90° apart, and the results are shown in Figure 39. The results of
the burst test are shown in Figure 31l. Burst occurred at 86,000
rpm--well within the calculated burst range of 77,000 to 109,000
rpm.
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SPEED - 38,500 RPM

AVERAGE TANGENTIAL STRESS - 17,700 PSI
MATERIAL - INCONEL 713C
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. RADIAL STRESS DISTRIBUTION FOR
raeeames GEL | 8-63|  NaSA BRAYTON-CYCLE TURBINE WHEEL A11785
WRITTEN 1. 8-63 STRESS IN PSI

APPROVED

Eom |9-w3

AiResearch Manufacturing Compang of Arizona

FORM P703A-1

FIGURE 24
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NOTE:

(1) SPEED - 38,500 RPM

(2) AVERAGE TANGENTIAL STRESS - 17,700 PSI
(3) MATERIAL - INCONEL 713C

(4) SHAFT CONDUCTING HEAT TO COMPRESSOR

-15,000 3.0
14-10, 000
L1 -5, 000
1o
o 2.5
5.0
w
5
(&)
A
-
-1.5 !
[7)]
jan}
a
=
h— — —l nlqo
:
30, 0Q0
5,000 2020
- .5
25,000
- 0

20,000

snis [GEL [ B-635| TANCENTIAL STRESS DISTRIBUTION FOR

WRITTEN STRESS IN PSI

NASA BRAYTON-CYCLE TURBINE Al1784

arenoven [~ 19-¢s|  iResearch Manufacturing Compang of Arizona | T

FORM P703A-1 FIGURE 2 5
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10,000~-HOUR STRESS-RUPTURE CURVE FOR
INCONEL T713c BASED ON TEMPERATURES

AT PEAK STRESS LOCATIONS IN TURBINE
WHEEL >

)

7

PEAK STRESS
DISTRIBUTION IN \
TURBINE WHEEL - \

C

< \

N \

/

10

20

30 0 50 %0
STRESS - KSI

NASA BRAYTON-CYCLE WHEEL PEAK STRESS
DISTRIBUTION AND ALLOWABLE STRESS
DISTRIBUTION FOR 10,000-HOUR LIFE

FIGURE 26
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STRESSCOAT TEST OF NASA BRAYTON-CYCLE
CAST TURBINE WHEEL, PART 369726 STRESSES BELOW
ARE FOR UNIAXIAL STRESSES AT 38,500 RPM
ESTIMATED ACCURACY OF STRESSES: +20%
AVERAGE STRESSCOAT SENSITIVITY 0.00073
MATERIAL: INCONEL '{lgcsu E = 28.6 x 10° PSI

AREA STRESS (PSI)
1 34,900
2 30,500
3 27,100
i 24,000
5 20,400
PHOTO NO. P—22334—1
wpoene FIGURE 27
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STRESSCOAT TEST OF NASA BRAYTON-CYCLE
CAST TURBINE WHEEL, PART 369726 STRESSES BELOW
ARE FOR UNIAXTAL STRESSES AT 38,500 RPM
ESTIMATED ACCURACY OF STRESSES: +20%
AVERAGE STRESSCOAT SENSITIVITY 0.000Z3
MATERTIAL: INCONEL 718C64 E = 28.6 x 10° PSI
1-8-

AREA STRESS (PSI)
1 34,900
2 30,500
E 27,100
24,000
5 20,400
PHOTO NO. P-22334-14
MP-5196 FIGURE 28
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GRAIN STRUCTURE OF NASA TURBINE WHEEL
FIGURE 29
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RESIDUAL DIAMETRAL DEFORMATION - INCHES

0.004

0.003

0.002

0.001
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MATERIAL: INCONEL 713C
BURST OCCURRED AT 86,000 RPM
GROWTH MEASURED ON DIAMETER d

-

DIAMETER NO. 1 (PRERUN DIA. = 6.0213 INCH)

DIAMETER NO. 2 (90° FROM DIA. NO. 1;
PRERUN DIA. = 6.0210 INCH)

QVERSPEED RANGE:

60,000 TO 62,000 RFM

A///

-
o o

n./

”fklll—f’“'
=

7 //A/ 7// ////§

65 70 75 |
SHAFT SPEED - RPM X 102

GROWTH OF NASA BRAYTON
CYCLE TURBINE WHEEL

FIGURE 30
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MP-5197

PART 369726, SERIAL NO. 3Q 391 TURBINE WHEEL
FOR THE NASA BRAYTON-CYCLE GAS GENERATOR
AFTER BURST AT 86,000 RPM
CAST INCONEL 713C

PHOTO NO. P-22411
FIGURE 31
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3.4 Mechanical Design

3.4.1 General Unit Description

A cross-sectional view of the turbine research package is
shown in Assembly Drawing 369721. The units consists of the
turbine wheel and shaft assembly (369726) mounted in the main
housing (369722) on two antifriction bearings (358313). The
front bearing (turbine end) is resiliently mounted with a spring
rate of 15,000 pounds per inch. The rear bearing is rigidly
mounted, and a coil spring provides 30 pounds of axial preload
on the bearings. An o0il jet (369728) supplies pressurized oil
to each bearing and a carbon-face-type o0il seal (369738 and
358319) is provided at each end of the housing. The turbine end
seal has an argon purge chamber located between the face seal
and an annular shaft seal to prevent any minute amount of oil
leakage past the face seal from contaminating the system argon.
A spline-connected stub shaft (369746) located at the output
end of the turbine wheel and shaft assembly permits adaptation
to an external power-absorbing device.

The turbine nozzle and scroll assembly (369725) attaches
to the main housing by a bolted flange. Shimming to obtain the
desired turbine-wheel-to-shroud-face clearance is accomplished
at this'flange by providing a shim of predetermined thickness
between the housing and the scroll flanges (369745) . A compromise
value of the clearance was established at 0.010- to 0.0l2-inch.
From an aerodynamic consideration, a zero clearance would be
optimum, however, a clearance of 0.002 inches per inch of wheel
diameter can be utilized without serious performance penalty. From
a mechanical consideration, it is advantageous to maintain large
clearances so that, with rotor radial and axial displacement due
to tolerance stackup and flexible bearing displacements, the rotor
does not rub on the shroud. Sealing at the shim is accomplished

APS-5108-R
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with two O-rings (369813). Bolt flanges at the turbine scroll
inlet and exhaust permit adaptation of appropriate ducting
(369810 and 369811). A rigid mounting base (369752) provides
for mounting the turbine research package to the test stand
bed plate.

Figures 32, 33, and 34k are photographs of the turbine
research package, Serial No. P-B, prior to shipment. Outline
Drawing 369720 shows three views of the unit, along with perti-
nent package dimensions for installation purposes. Table 4 is
a summary of the parts for the turbine research package.

3.4.2 Instrumentation

Provisions were made for incorporating certain instrumenta-
tion on the turbine research package as follows:

(a) Four static pressure taps, 90° apart, one-half
duct diameter downstream of the scroll inlet
flange.

(b) Two total pressure-total temperature taps, 90°
apart, one-half inch downstream of the static
pressure taps.

(¢) Five static pressure taps at four cross-channel
positions across the nozzle exit.

(d) Three I.C. thermocouples located on the outer
race of each ball bearing.

On the first unit, Serial No. P-A, undrilled bosses were
provided for Items (a), (b), and (c). The second shipping unit,
Serial No. P-B, was provided with instrumentation as shown
in Figures 33 and 3%4.

APS-5108-R
Page 55



MP-6243

AIRESEARCH MANUFACTURING COMPANY

A DIVISION OF THE GARRETT CORPORATION

PHOENIX. ARIZONA

NASA TURBINE RESEARCH PACKAGE
FIGURE 32
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INSTRUMENTED NASA TURBINE RESEARCH PACKAGE
FIGURE 33
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INSTRUMENTED NASA TURBINE RESEARCH PACKAGE
FIGURE 34
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DRAWING OR

PART NUMBER

369720
369721
369722
369723
369724
369725-2
369726
369727
369728
369729
369732
369733
369734
369735
369737
369738
369743
369744
369745
369746
369752
369753
369810
369811
369813
111917
358313
358319
358320
358321

MS16555-617
MS16555-625
MS16555-644
MS16555-646
MS21045-C5
MS24673-2
MS24673-5
MS24630-2
MS29561-015
MS29561-235

AIRESEARCH MANUFACTURING COMPANY

A OIVISION OF THE GARRETYT CORPORATION

PHOENIX. ARIZONA

TABLE 4

NASA TURBINE RESEARCH PACKAGE

DRAWING AND PARTS LIST

TITLE

Turbine Outline, Test, Brayton Cycle
Turbine Assembly, Main

Housing Assembly, Main

Spacer

Nozzle, Turbine

Turbine Nozzle and Scroll Assembly
Wheel Assembly

Carriler, Seal

Nozzle Assembly, 0il

Spacer, Labyrinth (Optional)*
Spacer, Bearing

Mount, Bearing, Resilient

Carrier, Bearing

Carrier, Bearing

Carrier Assembly, Labyrinth Seal (Optional)
Carrier Assembly, Carbon Seal

Shim, Bearing Carrier

Shim, Seal

Shim, Sealing Spacer

Shaft, Quillx*

Shaft Assembly, Mounting

Seal Assembly, Carbon

Flange, Turbine Inlet**

Flange, Turbine Outlet**

Seal, O-Ring

Spring, Compression

Ball, Single Row, Angular Contact
Seal, Air-0il

Seal, Argon, Oil-Metal Bellows (Optional)
Seal Set, Gas-01l, Matched

COMMERCIAL PARTS

Pin

Pin

Pin

Pin

Nut

Screw

Screw

Type "F" Screw
O-Ring

O-Ring

*Parts marked (optional) may be used as an alternate.

*+Thege parts are shipped loose to the customer.

customer's inlet and exhaust ducting,

APS-5108-R
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USED ON

369721
369721
369725
369721
369721
369721
369721
369721
369721
369721
369721
369721
369721
369753
369721
369721
369721
369721
369721
369721

369721
369721
369721
369721
369721
369753

369722
369722
369726
369752
369721
369721
369721

" 369721

369721
369721

NUMBER
REQUIRED

e e e et b e ped e b g e

1
As required
As required
1

e e el

N WwWwN

12
12

=~ NN

The flanges are to be welded into the



DRAWING OR
PART NUMBER

AN3CH5A
AN5C-12
AN6CH10A
ANB16-5-48
AN960C616

S8152AT101-0-120
S8152AT101-0-220

88152BG17-0-590
88152BG17-0-590

88152BG40-0-310

88860CLP1

362+522-9002

362-506-9012

525-57T-9006

PHOENIX. ARIZONA

AIRESEARCH MANUFACTURING COMPANY

A DIVISION OF YHE GARREYTT CORPORATION

TABLE 4 (Cont'd)

TITLE

Screw
Screw
Screw
Connector
Washer

Pin

Diam = 0,0469
Length » 0,120
Material: SAE 4340

Pin

Diam = 0,0469
Length = 0,220
Material: SAE 4340

Pin
Pin
Diam = 00,2032
Length = 0,590
Material: 321 Cres
Steel
Pin
Diam = 0,2500
Length = 0,310
Material: 321 Cres
Steel
Plate ldentification

Thicknesa: 0,016
Material: 30l Cres
Steel

Gasket - Metal O-Ring

gh end chamfered
x 0,008
Hardnoll - R, ko

Both ends chamfered

45° x 0,008
Hardnell - R, 4o

Both enda chamfered
45° x 0,015
Condition: A annealed

gh ondn chamfcrod

Condicion. A annealed

Condition: 1/2 hard

1/16-inch tube, 0, 010 inch wall

Ring OD = 0,502 inch

Vendor: 'rhe D.S.D, Manufacturing Company
Hamden, Connecticut
Fed Sup Code 97968
Vendor Part No, A0500C~AG

Gasket - Metal O-Ring

3/32-inch tube, 0,010-inch wall

Ring OD = 5,252 inch
Vendor:

The D,S,D, Manufacturing Company

Hamden, Connecticut
Fed Sup Code 97968
Vendor Part No, C5250C-AG

Nut, Self-Locking, Round, Bearing Retaining

Nominal OD = 1 9/16 inch
Shur-Lok Corporation

Vendor:

Anaheim, California

Fed Sup Code 9739
Vendor Part No,

APS-5108-R
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USED ON

369721
369721
369721
369728
369721

369734

369733

369738
369737

369728

369721

369721

369721

369721

NUMBER
REQUIRED

6
12
4

1
M
1
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3.4.3 Inspection

Inspection of the turbine research package parts and final
assembly were in accordance with the quality-assurance program
as outlined in AiResearch Report RC-5130-R. Figure 35 shows
the Critical Part Inspection and Serialization Record for both
turbine wheels. Figures 36 and 37 show both sides of the
Assembly Inspection and Laboratory Traveler for the two turbine
research packages. As can be seen from these figures, the
first shipping unit was started three times and ran a total
of 5 hours for the acceptance test. The second unit was started
and ran for a total of 5 hours and 17 minutes for its acceptance
test. Following completion of the acceptance test, the ac-
ceptance tag was completed as shown in Figure 38.
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FORM P2741.F

CRITICAL PART INSPECTION AND SERIALIZATION RECORD . \

Forging/Casting No. C/L | Serial Number 0.5. GROWTH DATA Machined Part No. C/L
: e ¢ ' Se7726 |\ B
Oper, Oat Insp. Oper. Dat insp. | Control | After | Afier | Z/M MRB Disp, Af ter

Raw Matl, %8 1 Stamp | Mach,Part | V%' | Stamp | Dim/MDia | G.R. 0S. LAty ™ T Final | Assy | R8O
27\ .| UsE
Dim, Dim. ’%r I6- 088 AL I
Ultra Ultra/Mch SCP
RTV
HT/Stress HT/Stress TR NUMBER
(%
Zyglo/Mag Zyglo/Mag %
Radiogr. Pull Test /‘TT\
A
HeatNo, R WO 323 Balance (]
FEB
2nd H.T. Overspeed  f#os 14 S
Remarl;s: ' Mise o-d Groen Run “Raw Nall.
//t';urf ‘f ,«[3 sy K 9y Mig. Co, |
o 2% 2nd 0. VacFa
R.R. No. Part No. Changes Mig. No.
TURBINE RESEARCH PACKAGE
SERIAL NO, P-A
N
. onm Parer. . CRITICAL PART INSPECTION AND SERIALIZATION RECORD
Forging/Casting No. C/L Serial Number 0.5. GROWTH DATA Machined Part No, c/L
. 7 .
’ T PTG
Oper, Dats | ISP Oper. Date | J1Sp- | Control | After | After | Z/M MRB Disp. At ter
Raw Mati, Stamp | Mach. Part Stamp { Dim/Dia 1 45.R. 0& ) _M‘t}f Final | Assy | R&0
, , ﬂé/hga 7 use
Dim. Dim. Cd £/ 100 RWK
Ultra Ultra/Mch scp
RTV
HT/Stiess HT/Stress TR NUMBER
»
Zyglo/Mag Zyglo/Mag A3
Radiogr. Pull Test /“\‘
. ( 4
Heat No. Flf' 2+ Balance €
K.
2nd H.T. Overspeed {1964 141 S
Remasks: *Raw Matl,
Green Run Mig. Co.
204 03, *Mach.Part
R.R. No. Part No. Changes Mfg. No.

TURBINE RESEARCH PACKAGE

SERIAL

NOo P“‘B

FIGURE 35
APS--5108-R
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4.0 TURBINE TESTING

4.1 Test Setup

The turbine research packages were tested in the AiResearch
turbomachinery testing facility in Phoenix, Arizona. The test
setup is shown schematically below:

AIR SUPPLY

FLOW MEASURING
SECTION

INLET TEMPERATURE
TOTAL AND STATIC

NOZZLE -_—J!///////” PRESSURE

I —’——————____,——W

SPEED }
|
. TURBINE L_
AIR TURBINE MOTOR DIFFUSER EXIT TEMPERATURE
(REVERSE ROTATION STATIC PRESSURE

TO ACT AS LOAD)

Compressed air was supplied to the test turbine from the
plant air system lines. An air turbine motor, driven in
reverse, was used to load the test turbine. Figure 39 shows

the turbine research package, Serial No. P-A, mounted in the
test setup.
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TURBINE RESEARCH PACKAGE
IN TEST SETUP

FIGURE 39
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4.2 Development Test

The development test consisted of determining the amount
of exducer cutback required to obtain a minimum axial swirl
of the turbine discharge gas. After installation of the research
package into the test setup, initial performance checks were
accomplished and the amount of discharge swirl measured. Figure
40 shows the performance measured during the test. The average
swirl was zero and, therefore, no exducer cutback was required.

4.3 Acceptance Tests

4.,3.1 Test Requirements

The turbine acceptance tests were performed in accordance
with Contract NAS 3-2778 Specification, Article V, paragraph A.
Acceptability was demonstrated by meeting a three-part require-

ment:

(a) The research package must conform to drawing
definition.

(b) The research package must be run at design speed
for 5 hours.

(¢) At the conclusion of 5 hours of operation, the
parts must not show any indication of damage
or have demonstrated excessive vibration during

operation.

The acceptance tests were performed on each of the two
turbine research packages. The tests were witnessed and ap-
proved by representatives from NASA Lewis Laboratories.
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4.3.2 Test Results

The turbine acceptance tests were completed without inci-
dent. Although performance demonstration was not required,
measurements were required to establish steady-state operation
and control during tests. From these measurements, turbine
performance calculations are possible. Figures 41, 42, and 43
show the test cell log sheets for the acceptance tests on the
research packages, Serial No. P-A and P-B, respectively. Fig-
ure 44 shows the data log sheets for both acceptance tests.
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A DIVISION OF THE CGARRETY CORPORATION

NASA CONTRACTOR REPORT

DESIGN AND DEVELOPMENT OF A HIGH-PERFORMANCE
BRAYTON-CYCLE COMPRESSOR RESEARCH PACKAGE

AiResearch Manufacturing Company of Arizona

ABSTRACT

In this development program, advanced aerodynamic design
procedures were used to design a high-efficiency radial compressor
for operation on monatomic gases. The compressor research pack-
age consists of a 6-inch-diameter compressor wheel and shaft
mounted on ball bearings and the associated mounting hardware.
Following development testing, the final configuration was de-
fined, and when the unit was tested on argon, efficiencies in
excess of 0.80 total-to- total were obtained. Additional testing

is to be accomplished by the NASA.
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7. MACHINED SURFACES NORMAL OR PARALLEL WITHIN 002
PER INCH TO A MAX. OF .012 FOR ANY SURFACE

6. MACHINED DIAS. ON A COMMON CENTERLINE CONCENTRIC
WITHIN 005 TIR, UNMACHINED DIAS. CONCENTRIC WiTH-

IN .32 TIR
- 5. DIMENSION LIMITS HELD AFTER PLATING
/1. REMOVE BURRS. 4. MACHINED FILLET RADII 030 - 013
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UNLESS OTHERWISE SPECIFIED.

PESAS - Biumg - X & K 103 WERCULENE




S ~ REVISIONS
sym o DESCRIPTION
———1 s70cK
C(SEE TRB BLock)

DiIA -
‘—
i) ¢
%

[ T T 1 _[5€€ 778. SHEET CRES __ Mit-5-¢72¢

TY. REQD. [TB*| PARTNO. [SYM " DESCRIPTION e MATERIAL SPECIFICATION  |'GAT

1 T [ |e—Aassys LIST OF MATERIAL

' T SIGNATURES DATES — - s
T Sl 2 AT 52503 Reswe Mg Comoany ot hracra - oeneren
__ 36974/ 369740 ok 7K~

-3 36973/ 369730 }jote owa. TME -

ng'é‘e‘év:z_z_tec?zzo [oreme SHMm,

1) 369721 369720 |

EQD. NEXT ASSY.  USED ON ‘".o@ﬂ; TR BERRING CARRIER

EATTREATMENT|  PROCESS ) . n%,gf 5 N—

ARDIRNS NAME DELIaM v . i

. X - 9 -30-¢2

| e p mp |C| 369743 | |

. wec TR ACTIVITY 209, | /

/ / b SCALE Fuel | WT. . [sveer 7 o

t

[



v
, ‘ PART -
. - | VMUMBER T )
. | - . ) o
i 369744-4 |.013-.01/ ' /
- |369744-2 |.02¢-.024 |
262 74£-3|.007 -.c08 :
, [APS-Sios-| '
¢ JAPs-I1e1-R - |
i .24-.22 DI1A THRL.
; EQUALLY SPRCEL
WITHIN .007 R OA
?
|
{ :.
i %
4.000 D/A %
B.c. BASK 4-.%;
'
»
!
i
i
i
!
} PRIRT NUMBER HMERE
. PER MC 14, CLASS Y
]
§
¢ %
' 8. MACHINED SURFACES FLAT WITHIN .0005 PER INCH TO A
: R ANY SURFA
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. M ~H -7 78 Lock ' 3d-PC MAX. Of .006 FOR ANY SURFACE
7. MACHINED SURFACES NORMAL OR PARALLEL WITHIN .002
/5. FLR INCH TO A MAX. GF 012 FOR ARY SURFACE

§_ MACHINED DIAS. ON A COM MG CENTERLINE CONCENTRIC
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/IR 2 SURFACE ROUGHNESS PER MIL-STD-10.
1. DIMENSIONS ARE IN INCHES.
UNLESS OTHERWISE SPECIFIED.
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8. MACHINED SURFACES FLAT WITHIN 0005 PER INCH
MAX DF 006 FOR_ANY SURFACE

& ) 7. MACHINED SURFACES NORMAL OR PARALLEL WITHIN
4 : : PER INCH TO A MAX_OF 012 FOR ANY LLPFACE

& MACH!NED DIAS. ON A COMMON CENTERLIINE CL# WCEN

WITHIN 005 TIR_UNMACHINED DIAS CLF CENTRIC V
IN 032 VIR,

5. DIMENSION LIMITS HELD AFTER PLATING.
4, MACHINED FILLEY RADI 030 . 01%

3. BREAK ALL CORNERS AND SHARP EDGES 015 MAX.
NO WANGING BURRS ALLOWED.

2. SURFACE ROUGHNESS PER MILSTD-10.
V. DIMENSIONS ARE IN INCHES.
UNLESS OTHERWISE SPECIFIED.
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. DUMERISIONS MACKED WITH QSTELrSk 3 BREAK ALL CORNERS AND SHARP EDGES 015 MAX.
(X)70 BE MRACHIMED By CUsTOMEE.  NOHANGING BURFS ALLOWED.

K POSITIONAL & GEOMETE/C Toue Bance E-2VREACE ROUGHNES PER MILSTD-I0.
SYMBOLS PEL MIL- ST -4 1. DIMENSIONS ARE IN INCHES.

9, F/AL/SH ALl OyeEPs /2)37 ; pNLESS OTHERWGSE' SPECIFIED.
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MENDED N COMPLIANCE WITK ASPR
1313,
1 1] CLES SEE g5
QTY.REQD. |TB*!  PART NO.  {SYM DESCRIPTION bt ] MATERIAL SPECIFICATION  |\Wy"
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10, POSITIONAL € GFOMETEIC TOLEEANCE
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IN THS SRy FPER AC~/¥, CCATS LL

MACHINED SURFACES FLAT WiTHIN CC05 PER INCH TO A

7.

MAX. OF .006 FOR ANY SURFACE.
MACHINED SURFACES NORMAL GR PARALLEL WITHIN .002

é.

PER INCH TO A MAX OF 012 FOR AHY SURFACE.
MACHINED DIAS, ON A COMMON CENTERLINE CONCENTRIC

TTWITHIN 05 TIR, UNMACHINED CIAS COMCENTRIC WiTH-

5

[&"_Qé?’"TlR.
DIMENSION LIMITS HELD AFTER PLATING

. MACHINED FILLET RADH 030 . 015

3.

BREAK ALL CORNERS AND SHARP EDGES 015 MAX.

2

NO HANGING BURRS ALLOWED.
SURFACE ROUGHNESS PER MIL.STD-10.

1. DIMENSIONS ARE IN INCHES.

© UNLESS OTHERWISE SPECIFIED.
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MUST BECEIVE PEIOE AULESEALCH
APFEOVAL .
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MAEKED Q/ ALL SFPALE FRETS
FPACKAGE S.
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8. MACHINED SURFACES FLAT WITHIN 0005 PER INCH TO A

MAX. OF .006 FOR ANY SURFACE.

PER IMCH TO A MAX. OF .012 FOR ANY SURFACE.

6 MACHIIED DIAS ON A COMMON CENTERLINE CONCENTRIC

TTWITHI 055 TR, UNMACHINED DIAS. CONCENTRIC WiTH-
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5. DIMENGION LIMITS HELD AFTER PLATING.
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3. BPFAY ALL CORMNERS AND SHARP EDGES .015 MAX.
HO HANGING BURRS ALLOWED.

2 SURFACE ROUGHNESS PER MILSTD-10.
1. DIMENSIONS ARE IN INCHES.
UNLESS OTHERWISE SPECIFIED.
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PLAIN ENDS
TYPE 2

CLOSED EKDS
SQUARED NOT GROUND
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\_-/&Z paveTER _OF WiRE
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2 LEFT HAND COLED RISHT HAND COILED
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/. PARTS PROCURED BY VENDOR PART NUMBER SHALL B
ACCORDANCE WITH THIS AIRESEARCH SOURCE CONTROI

6. IDENTIFY PACKAGING WITH AIRESEARCH PART NUMBEI

5. ALL DZSIGN AND PART NUMBER CHANGES MUST RECEI!
AIRESEARCE APPROVAL. .

4. ONLY THE ITEMS LISTED ON THIS DRAWING AND
ADDRESSES AND PART NUMBERS HAVE BEEN TLS'
END URIT. A SUBSTITUTE ITEM SHALL NOT BE VS
APPROYAL BY AIRESEARCH.

3 WILITARY SPARES PACK BEARINGS ARK INTENDEL
DEFORE IKSTALLATIOR WASH OUY TME PRESKRY
LUSRICANT. AFPTER THIS OPERATION THE —4 10D
BEARINGS BECOME (INTERCHANGEABLE WITH TN
CIAL SPARES PACK BEARINGS. THNEY SKOULO N
ATIORS SECAUSE OF THEIR RELATIVELY NION ¢

2. FOR ECONONY, PRODUCTION BULK PACK BEARING
INSTALLATIONS. COMMERCIAL SPARES PACK B,
MERCIAL SPARES ORDEARS.

1. PRODUCTION SULK AND COMMERCIAL SPARES P/

~ SOURCE |
CONTROL DRAWING

SIGNATURES
ORrr
Jonnsay |B-1s-63

wfm P-15-63
Vot i os [
i}: 0S| B2 | BEARING
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DESCRIPTION OATE APPROVAL

APD-3 o8 -]

Aps=y/09R

.0oaS-.odo To CLEAR
025 FILLET RABIVS

I PLMCES

Cuia. l.-\bbi-;‘

. o Y
PROCURED IN . 090
DRAVING.
E PRIOR

DENTIFIZD BY VENDORS®' NAMES,
€0 AND APPROYVED FOR UBE IN THE
ID WITHOUT PRIOR TESTING AND

TO FILL BILITARY SPARES ORDERS.

ITIVE AND REPLACE WITH OPERATING CRITICAL ITEM
IERTIPICATION IS DROPPED AND THE
{ PRODUCTION BULK AND COMMER— SATISFACTORY PERFORMANCE OF THE
)T K USKD IR FACTORY INSTALL~ TEoRIODUCT DEPENDS ON THE IN.
TEGRITY AND REUIABILITY OF THIS
osY. SELECVED CRITICAL ITEM. PROCURE.
MENT OF THIS 1TEM FROM THE
3 ARE PREFEANED FOR ALL FACTORY GARRETT CORPORATION (S WECOM.
AINGS ARE INTENDED TO FiLL COM- MENDED IN COMPLIANCE WITH ASPR.
1.313.
CKX BEARINGS ARE INTERCHNANGEAOLE.
NEXT ASSY USED ON

iResaarch Marwfaciring Company dhﬂ
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PUCEE N R S
APs-3707-R

2L OPERATING COND'TIONS -

PRESSURE, AIR SIDE, O PSIG.
OlL SIDE. - 2 PSIG,
TEMPERATURE , AIR SIDE, 100°F.

LEAKAGE , AIR TO OiL, .01 LB/MIN
Ol TO AR, |CC/HR,

OlL  MIL-L-TROB

LIFE REQUIRED S00 HOURS.,

20 SEAL CASE TO BE CRES.
(9. POSITIONAL § GEOMETRIC TOLERANCE
SYMBOLS PER MiL STD-8

TGP

SATHIACTOXY PeifOEMANCE OF THE IND PRODUCY
DIPENDS ON THE WOIEGRITY ANO RELABKITY OF
THIS  SELECTED  CRITHCAL  FTEM.  PROCUMEMENT
OF THYS [TEm FROM THE GARRETT CORPOPATION 1§
RECOMMENOED IN COMPLIANCE WITH ASIR LT3,

-5

OlL %DE 22S°F .’

[ ]
o

a
Q
Lo}

|inocumur SOURCE(S) PER ASL
MARKED PER
4. PART TO BEMC.-14 CLASS II_WITH AIRESEARCH
WUMBER_252213.

13 ALL BESIGN AND PART WIIDYR CAANGES REQUIRK
PRIOR AIEEZSEARCH APPROVAL.

12 QLY ITZXS LISTED ON TEE APPLIC/BLE ASL AND
an BY ¥iZDOR'S NAMZS, ADDZZICZIES, AND
PART ¥UT753 RAVI BETZN TESTED ARD AFZZONED FOR

USKE TM To1 EXD UXIT. A SUESTITUTE I'EZM SRALL '

WOT BX UID WITHOUT PRIOR TESTING AMD APPROVAL
. BY AIRESESGCH,

1L 'TCERTIFY PACKAGING WITH AIKESTARCH RRIIR.

10 {PARTS PROCURED BY VEWDOR PART NUMEZA SHALL BE
‘PROCUZED IN ACCORDAZCE WITR THIS AIRXSEARCH
SOURCE CONTROL DRAVING.

2 DETAILS OF DESIGH AND COMSTRIXCTION OTHER THAM
SHOWM SHALL BX AT OPTION OF VERMDOR.

8. MACHINED SURFACES FLAT WITHIN 0005 PER INCH TO A
MAX. OF .006 FOR ANY SURFACE

7. MACHINED SURFACES NORMAL OR PARALLEL WITHIN .002
PER INCH TO A MAX. OF 012 FOR ANY SURFACE

6. MACHINED DIAS. ON A COMMON CENTERLINE CONCENTRIC
WITHIN .005 TIR, UNMACHINED DIAS. CONCENTRIC WITH-
IN .032 TIR.

5. DIMENSION LIMITS HELD AFTER PLATING
4. MACHINED FILLET RADII 030 - 015

3. BREAK ALL CORNERS AND SHARP EDGES 015 MAX.
NOQ HANGING BURRS ALLOWED.

2. SURFACE ROUGHNESS PER MIL-STD-10.
1. DIMENSIONS ARE IN INCHES.
UNLESS OTHERWISE SPECIFIED.

PETAY - PG . R & § 103 NERCULENE




REVISIONS
SYM DESCRIPTION ' DATE »mvgl
.080
.219 050 gpgak
THIS SURFACE.
;onoe@_\ _//—MARK THIS SURFACE
I — -
- L B
! s '5‘1\'2 © L8135
1.562 1155 .98 —H- S
DIA. DIA Df. c 0450 (MIN.)_ DIAL
| e |
MARK. THIS sUQrACE—/ , \@SEAL
OI.L. —— 490 (MAX) AID
-597 OPERATING HEIGHT.
ROTOR [-A- -B-] seaL
secion[|SejS —
=12 y ¢
1o -
——
()
D
. nwn
l -3 ] crEs sapE 7
'v.ReQD. |TE*  pARTNO.  lsym DESCRIPTION = MATERIAL SPECIFICATION. |'%7]
| |e—assys — LIST OF MATERIAL
SIGNATURES DATES N
w30 Jonn 187237C3] Ao Vesom Comyahims T
] OR. V V. MATYRIVE, 9/ 3 /63 »
/ | 56974/ 862740 i‘;&‘;;ﬁﬂ LY Fomma S L AID .O\L
#4979/ 362730} EA -
56972/ 269720 | e !
RD.| NEXT ASSY. | USEDON |5y -3 62 )
AT TREATMENT|  PROCESS .»(562\, E‘f TR %; S— :
ROMECSS NAME - 3“/04 1YY APP. ill-l"'n' .
r W QTHER ACT .
i ’/ SCALE FULL | W, . 'SHEET ' OF '




2. CHROME PLATE SURFACE-A PER
QQ-C-320 CLASS 2,.002-.004 THITK,
2. SLRFACE ~B- LAPPED FLAT

) !

12 POSITIONAL # GEOMETRIC TOLERANCE
SMBOLS PER MIL-STD- A.
i1

%. (¢ Designate Critical Characteristics
Designate Majer Characteristies

BA ML ALCTORY W‘oﬂa"“mn
::nms O Thk WTLGAITY AND MUASLITY OF

IS PEOCUNRMIST SOUELLNS) PER ASL
MARKED PER °
14 PAEZT TO B2 MC-\a& CLAD> T WITH AIRESEANCK

KRR 398 220 - S.0R-7

1A ALL DZSIGH AND PART WOQER CRLCIR FEEQUINE
FRIOR AIEZSEZAECH AFPIZNAL.

12 OfLY ITE23 LISTED ON TEX APPLICAMLE ASL AXD
IDENRTIFIED BY VIiDOR'S MAMES, ALTTISSES, AMD
PAET M(RCIZZS HAVL ELIM TESTED AXD APPROVED FOR
USE IX TE® KD USIT. A SUISTITUTE ITEM SHMALL
¥OT BE USID WITHOUT PRIOR TESTING AND APPROVAL
BY ALBESEARCH,

V. TDEXTIFY PACKAGING WITH AIEEZSEARCH WIRMBER,

{0 PARTS PEOCUEED BY VENDOR PART MUMBER SHALL BE
PROCUSED IN ACCOSDANCE WITH THIS ATRESEARCH
SOURCE CGMTROL DRAWING,

9, DZTANLS OF DZSYGH AMD CQASTRUTTION OIMER THAK
SEQE SEALL EZ AT OPTICR OF VENDOR.

8. MACHINED SURFACES FLAT WITHIN 0003 PER INCH TO A
NIX. OF 606 FOR ANY SURFACE

7. WACHINED SURFACES NCRMAL OR PARALLEL WITHIN 002
TRV HTO A MAX GF 012 FOR_ANY SURFACE

6. MAATIERID DIAS. ORLA COALAON CENTERLINE CONCENTRIC
TV ARSI UNRACH D DIAS. CONCERTRIC WITH-
WG i

§ DHATNLION LIMITS 101D AFTER PLATING.
4. MACHIRGD FILLET RADII .030 - 013

3 EREAK ALL OCTHTRS AND SHARP EDGES 015 MAX.
T RANGING LU .8 AL D,

2 SURFACE ROUGHNISS PER MILSTD-10.
1. DIMENSIONS ARE IN INCHES.
UNLESS OTHERWISE SPECIFIED.

PACT N2 SEAL ROTOR
358320 -5 -3
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OPERATING SCHEDULE
CONDITIONS i ° 4 + 2.015
: — DIA.
SPEED, RPM 38,500
PRESSURE, PSIG :
GAS SIDE + .S
OlL SIDE -2
TEMPERATURE,F| 5
CAS SIDE 800
olL. SIDE 2285
"LEAKAGE (MAX) X * BT
aswoLs/MN] o1 °|=
OIL TO GAS CC/HR. 1ERO ‘
LIFE REGD, HRS, ‘500
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SYM DESCRIPTION APPROVID
roTor[-A-|-B- [ SEAL
I N
oIl :;Z :525 OPERATING. HEIGHT. . ARGON
> ) o050 G 4
@_\ : BREAK
ROYOR .
1.iSS 298 —— -].3&4 2.202
biA, BN, | _———C—HAM?EQ'MXSO. (MIND &R
i { e ) 07" 40" 1
P \ \/
MARK THIS SUQFACE-/
A79 SHELL LENGTH (max)
MARK THIS 3SURFACE.
section 2 afls “S)SEAL, SCHEDULE ¥ ,
@ to OPERATING CONDITION
_ —
KN
—.
(o
o
)
(e
fn
tend
| -3 YooL STEEL |A\SI Ni-2
Fv.Re. | T2 PARTNO.  [sYM DESCRIPTION cooe MATERIAL SPECIFICATION |44,
|_{e—AssYs LIST OF MATERIAL
| SIGNATURES DATES , T seme
[ . FC Jorats £/25(C Mw&mdh‘ —@.—.—
i ow VA Mlre | 9/3]63!
[ 36974/ RI7do | oot K /P27 1 CoT T
/ 126273/ | 363730 oo™ -
) 1 Seo72/ 1869720 | SEAL ,ARGON , Ol
0| NEXT ASSY. | USEDON | v G e S a2 0% METAL BELLOWS
IAT TREATMENT] PROCESS ar» 6 (.-G o w:?“ S—
jroes - 3 N L) rv;‘lrv»’, ]
e oA 762 27 |
RC "/W.{{;‘;‘ e | C 35632_0
/ | SCALE FULL| W, FECEE
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APS-S16E R

p B { APS-S109-R . ‘ j

| /— 2 sSLOTS APART -
e A 4 .
' .400 <~

GAS

UUU

MARK THIS SURFACE WITH
PART 'Ne ¢ SERIAL N2.

BRREAK .04
(rvyP. 4 pLACESs) & \\

f. EZO 1.1850

DIA. .985L

g . : ‘ jmm) MaXx) DiA —
. i : (.3245%'/!)

J , &),

«
.
5
b Saia
1
A Y
G R
i R

|

st aitedis

N

NS

)
IS\»

1032 (MIND
2 - 7z
o | oO-A- B
i - N
' . » L1640 gy (e£F)
b HOUSING TR
: . SHOULDER e [

- {; |1e.paRTS TO BE MADE, INSPECTED, STOCKED,

' ' L
{ ISSUED AS MATCHED SETS ONLY, [ :
15, SERIAL NUMBER CONTROL MUST BE MAINTAINED ON THIS PART v
THROUGHOUT MANUFACTURING AND ASSEMBMY CYCLES AND

; S - b AFTER PINISH MACHINING. SERIAL NUMAZES SHALL BE APPLIED SECTOOfgfI’
‘ . SY THE METHOD AND AT THE LOCATION $PECIRED. : 1
14 PRECTZEZIY SOCHCE () VIR AL o -

MARKED PER

| mrerrommca clasy T amesziacs ' i
mTa 355‘%2; T SERTAL Nt.

. PAET FRSER CZANCES m 8. MACHINED SURFACES FLAT WITHIN 0005 PER INCH TO A =
- ' TAER ATESTARCE APPROVAL MAX. OF 006 FOR ANY SURFACE -
. * 7. MACHINED SURFACES NORMAL OR PARALLEL WITHIN .002 |
L 0ZLY TT LISTED ON TERZ APFLICABLE ASL AND PER INCH TO A MAX, OF .012 FOR ANY SURFACE
IECSTIFIED BY VEDDCR'S BAYES, ADDZEZSZES, AMD 6. MACHINED DIAS. ON A COMMON CENTERLINE CONCENTRIC
PART MIRTTES RAVE BC0R TESTED AGD APFEOVED FOR WITHIN_005 TIR,_ UNMACHINED DIAS. CONCENTRIC WiTH-
X If T £2D COF. A SUSTITUTR ITEM SHALL N 032 TIR
ECT BX USTD WITLOCT PRIOR TECTED AND APPROVAL  5- DIMENSION LIMITS HELD AFTER PLATING. L
BY AXERsdscae, 4. MACHINED FILLET RADII .030 - .01S
3. BREAK ALL CORNERS AND SHARP EDGES .015 MAX
nmm,mumwm HANGING BU
QP ) 3 - 2. SURFACE ROUGHNESS PER MILSTD-!G. s
Fi > vh BCORINNCE VXM T 18 AT fEAMG - DINMENSIONS ARE IN INGHES i

m COITEOL, D'ance s " " £SS OTHERWISE SPECIFIED.
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REVISIONS

SYM

DESCRIPTION

1.025
375

OPERATING RANGE

_ ol -
930 s 4
/MAIZK THIS SURFACE WITH PART Ne. ¢ SERIAL Ne.
f /
s
A
11 N _[
9850 1.\ 58 1.680 815
— & DiA. _DIh. OWA DIA
» v :
|
gy

|

WAILILL22257: S
7 - |e—
/m R NN .
A . 1T
| t—
| y AS: A 'N OIL . MILL: 7808 -
080 G . ARGO L. '.LL y “ .
6&0 SPEED 3A500 RPM M
~1.030 219 PeEY e | -5 P3G .
‘{ , olL sioE -2 Psia )
LA n-C-. ] TEmeeRATURE, ' t
8- B GAS 54D aco%e [es
 Steve - o Leavade Gy S25°F . - —
APPED FINISH - &= AT G St fai/’a::r% _
o a o COIIAL ITEY
CARBON ROTOR foiinivr ' moowcy
= ot il gy YTy
ql?g!a ‘} sy "WD.;“ COPORATION B
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] [ [ ' » - ——— e
QTY.ReQ0. (TRt  PARTNO.  [SYM DESCRIFTION s MATERIAL SPECFICATION {97!
| | |e—Assys LIST OF MATERIAL '
B SIGNATURES DATES ' st T
J o Z e T i a7 3 ARsacarch Mersacturirg Corwery of Arra nu,
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£ (36075 £ 1730 PO - SEAL 3ET, GAS-OIL,
7/ 9753 5497Z0
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